Molecular organization of the photoreceptor disk membrane was revealed by the freeze-deep etching replica method using purified and successively rinsed bovine rod outer segment (ROS). Various membrane particles with different shape and sizes were found on cytoplasmic surface (PS face) as well as on both P and E fracture faces, which are presumed to be peripheral membrane proteins such as transducin, phosphodiesterase, guanylate cydase and so on. Membrane partides seen on PS face were catalogued in size. The histogram on their number and size showed that they were dassified at least into two major groups, the group of partides about 50 nm 2 in size and the group of partides about 115 nm 2 in size. The distribution density of the 115 nm 2 partide was 1200 urn" 2 in native state, but it decreased to 125 um~2 after washing with hypotonic buffer solution. Namely, the group of the 115 nm 2 -partide seems to be mainly composed of peripheral membrane proteins. Rinsing with the sucrose free buffer at the final step of the purification procedure enabled us to observe three types of filaments localized in ROS (filaments connecting disk to disk at the margin, filaments connecting disk to the plasma membrane, filaments assodated with PS face of disk membrane); and also to find characteristic domains with crystal arrangement of partides on the external surface (ES face) of ROS plasma membrane.
Introduction
The vertebrate photoreceptor cell is separated in to two functionally different parts, the inner segment and the outer segment, which are bridged by a connecting dlium. Light stimulus is converted into electrical signal in the outer segment through the phototransduction process. Rhodopsin, a visual pigment, is contained in the disk membrane of rod outer segment (ROS) as an intrinsic membrane protein. Illuminated rhodopsin stimulates GTP/GDP exchange on a subunit of transducin (Ta) that is released from other subunits of transducin (Tp^) [1] [2] . Ta-GTP regulates function of cGMP phosphodiesterase (PDE). Activated PDE catalyse cGMP hydrolysis and thereby induce the dosing of a cGMP dependent cation channel. Thus, phototransduction is a functional cascade of enzymes that are localized at the cytoplasmic surface (PS face) of disks [1] [2] [3] . These enzymes are also considered to form transduction machinery together with other modulator proteins at the surface of disks. However, there is little evidence about the morphological arrangement of these proteins on disks. It is crudal for better understanding the phototransduction to know how these phototransduction-related proteins distribute at the surface of disks. The freeze-deep-etching replica method is thought to be powerful for visualizing the surface structure of the disk membrane. Indeed, previous replica studies [4] [5] [6] [7] showed several large membrane partides on PS face of disks as well as membrane partides presumed to be rhodopsin on P fracture face [8] [9] [10] . However, these particles on the PS face have been not analysed quantitatively or qualitatively. More detailed observation on the cytoplasmic surface of disks is required to elucidate the morphological counterpart of the transduction machinery. This study aims to describe the detailed surface structures of the disk membrane analytically using purified and rinsed well bovine ROS.
Materials and methods
Purification of bovine rod outer segment disk membranes One hundred fresh bovine retinas were agitated gently in 100 ml sucrose homogenizing buffer (40% (w/v) sucrose in buffer X: 120 mM KC1, 5 mM MgCl 2 , 20 mM Trisacetate, pH 7.4, 0.1 mM phenylmethylsulfonyl fluoride (PMSF), 5 mM 2-mercaptoethanol (2-ME)) [11] . The homogenate was centrifuged at 20 000 g for 20 min. The suspension including crude ROS membranes was washed once by centrifugation in buffer X containing 20% sucrose. Resultant pellet was loaded on the discontinuous density gradient buffer (sucrose density: 1.110, 1.119 and 1.148 in buffer X), and then separated by centrifugation (30 000 r.p.m. for 30 min at 4°C in a SW28 rotor, Beckman). Fraction at the interface between 1.119 and 1.148 was collected, and washed again by centrifugation in buffer X containing 20% sucrose. ROS membrane purified in this way was disassembled passing through a 20.5-gauge needle. In order to removing sucrose or debris from the membrane surface, the pellet was washed twice with buffer X. A resultant pellet was used for subsequent experiments.
Incubation with hypotonic buffer A part of the purified ROS pellet was suspended in hypotonic buffer (20 mM Tris-acetate pH 7.4, 0.1 mM MgCl 2 , 100 mM GTP, 0.1 mM PMSF, 5 mM 2-ME) and incubated on ice for 30 min. Then, the suspension was centrifuged to remove soluble proteins. The rest of the ROS sample pellet was incubated on ice for 30 min as a control in buffer X including 100 mM GTP.
Rapid-freezing, deep-etching and electron microscopy All samples were frozen by smashing them against a copper block cooled at 4 K by liquid helium as described previously [12] . Frozen specimens were brought into freeze-etching device (FR7000S Hitachi Co.), and fractured at-110°C in a vacuum of 1X lO^Pa. After fracturing, the temperature was raised up to -90°C. The sample was etched for 10 min at -90°C and rotary-shadowed with platinum-carbon using an electron beam gun. The cleaned replicas were examined in a JEOL 100CX electron microscope (JEOL Co., Ltd, Tokyo, Japan). Micrographs were printed as negative Images in which platinum deposit appears white. All measurements of membrane particle size were carried out on micrographs at a final magnification more than X400 000.
Results
Purification and repeated rinsing with sucrose free buffer were available for morphological analysis of disk membrane surface by freeze-etching replica method. Many shaped and sized particles were bound to the cytoplasmic surface (PS face) of disks even after purification (Figs 1, 2, 5, 6, and 8). Obviously, viewing of the PS face increased using the conventional freeze-etching of the retina because of ablation of cytoplasm. However, the disk lumen (ES face) was still too tightly collapsed to observe the surface in its native state. Therefore, we tried to catalogue particles found only on PS face of the disk by measuring their sizes. The particles on PS face appeared to be ellipsoid, quasi-spherule and irregularly cuboidal in shape; however, not the precise spherule showen at higher magnification in Figs 2, 5, 6, and 8. Although it was difficult to determine, strictly, the size of each particle, we measured both the long axis and short axis on each particle, and estimated its approximate area as if it is an ellipse. All particles attached to the disk membrane were measured regardless of the shape and the size. Under stereoscopic observation, however, particles clearly separated from the membrane surface, filaments or their fragments associated with the particles, were not measured. Based on measurements of about 2800 particles on the PS face, the relationship between number and size of particles was summarized in the histogram as shown in Fig. 3 . To investigate how particles in these groups are bound to the membrane, sample pellets were incubated with hypotonic buffer solution before freezing. The number of particles on PS face reduced remarkably after incubation. In particular, the distribution density of the particles in the group of 115 nm 2 decreased from 1200 to 125 nm~2 (Table 1) . That is, most particles observed on PS face adhered to the membrane as peripheral membrane proteins but not intrinsic ones.
Frequently, hypotonic treatment made wavy undulation or fragmentation on the membrane due to drastic change in osmotic pressure. In contrast to the native condition, however, the ES face (lumen surface of disk) became more observable because of the expansion of the disk lumen, which looked very smooth unlike PS surface (Fig. 4) .
Repeated rinsing with the buffer at the final step of the purification procedure removed sucrose completely from ROS isolated by sucrose gradient centrifugation, and made it possible to depict sharp etching images of filamentous architecture in the cytoplasm as well as membrane partides. Three types of filaments were found at the periphery of disks. The thickest filaments (10-15 nm in thickness) were located at the cytoplasm just beneath PS face of the disk. Sometimes, such filaments formed a complicated meshwork, and appeared to be associated with partides and/or the PS face of disks (Figs 1 and 5) . Second was the filament connecting between disks as described previously (Fig.6) [13-15]: this was a slightly thin and short filament (about 4 nm thickness and 20 nm length). The other filaments (13 nm thick and 40-80 nm long) bridged between the disks and the plasma membrane enclosing ROS (Fig. 7) , which were characterized by branching. When disk membranes were fractured obliquely and shadowed with the optimum amount of platinum, we often found small slender partides lining the fractured edge of disks at 4 nm intervals. These slender particles appeared to be elementary structural components of disk membrane (Fig. 8) . Under careful observation at a higher magnification, these slender particles were dumbbell in shape and spanned the full thickness of disk membrane. Both proximal globular parts of this partide were 3 nm in diameter, and pan of the axis connecting both proximities was 5 nm in length and 2 nm in thickness. Therefore, it was presumed that this partide was in fact dusters of lipid molecules facing each other to form the bilayer of the disk membrane. If this is the case, the globular parts of proximity and axis connecting them might be interpreted as the polar heads and fatty add chains of the lipid molecules, respectively.
On the other hand, a highly ordered arrangement of membrane partides similar to a two-dimensional crystal was found located on the ES face of the plasma membrane endosing the outer segment (Fig. 9) . The size of such a domain was about 3000-5000 nm 2 , in which several parallel rows of regularly ordered partides were disposed at 10 nm interval.
Discussion
Membrane particles We observed the PS face dearly by rinsing the ROS with sucrose free buffer at the last step of purification procedure. Particles seen on the PS face were catalogued and dassified into two populations based on their size. There have been some inconsistent descriptions on the size of partides found on PS face of disk membranes among papers reported so far. Some papers suggested that 8-12 nm diameter partides were predominant on the PS face, and presumed these to be transdudn or phosphodiesterase [3, 16] . Other paper estimated that 8-12 nm diameter partides are the cytoplasmic projections of rhodopsin [17] . Another study insisted that a 6-nm particle ,on PS face is rhodopsin [18] . In this study, the partide size was calculated the area that the partide occupied on the membrane surface by measuring the long and short axis but not diameter. Figure 3 shows the two groups of PS partides sized 50 and 115 run 2 , respectively. The average ratio of long axis and short axis was 1.54, so that each axis of the 50 and 115nm 2 partides are calculated as 9.9-6.4 and 15-9.8 nm, respectively. According to the report on electron microscopic crystallography of twodimensional rhodopsin crystals, the x-y lattice unit of rhodopsin is 4.3 and 3.0 nm, respectively [19] . Although the size of partides varied depending on the amount of platinum shadowing, the alteration of diameter by shadowing seems to be at the most within 2-3 nm. If it is assumed that the thickness of the evaporated platinum is about 2-3 nm, it is conceivable that the 50-nm 2 particle is rhodopsin judging from the diameter and their population. However, compared with particles found on the P face that were presumed to be rhodopsin [20] , such 50-nm 2 particles on PS face were quite different in distribution density (compare our micrograph with previous one [Fig. 5 of 20] ). Therefore, cytoplasmic projection of rhodopsin may be very small and not always visible in shadowed replica. When considering the reduction of the distribution density after incubation in hypotonic buffer, the 115-nm 2 panicles may be peripheral membrane proteins adhering to the surface of the disk membrane; such as transducin, phosphodiesterase, guanylate cydase, recoverin and so on. Actually, the molecular ratio of rhodopsin versus transducin is estimated as 10 [21] . The per cent of 115-nm 2 particles on the PS face was 25%. Obviously, the 115-nm 2 particle population could contain other peripheral membrane proteins other than transducin.
Filamentous structure on the disk membrane As mentioned above, three types of filamentous structure was displayed dearly on PS face of purified disks (Figs 1,  2 , 5-7). Two of these were found on the edge of disks connecting disk to disk and disk to plasma membrane, respectively, as described in previous papers [13] [14] [15] . These filaments should be useful for maintaining the shape of ROS consisting of disks stacked regularly. In particular, the filaments bridging the disk to the plasma membrane were characterized by branching. However, the constituents of these filaments have been unknown. Present experiments revealed another filamentous structures localized beneath the disk membrane. This Regular particle arrangement on ES surface of plasma membrane Several domains with a highly ordered arrangement of particles were found on ES surface of the plasma membrane (Fig. 9) . Although the helical arrangement of the rhodopsin molecule was known to be present in the photoreceptive membranes of Drosophila compound eyes [16, 22, 23] , rhodopsin distributed randomly in lipid bilayer of disk membrane in vertebrate photoreceptor cell [24] . Because the interval of regular arrangement was 10 run, it is difficult to consider that these crystalline domains are constructed by rhodopsin. On the other hand, dendrites of Purkinje neurons in bovine cerebellum contain many vesicles covered with a two-dimensional crystalline array consisting of inositol-l,4,5-triphosphate receptor (LP3R) [25] . Such arrangement is similar to the crystalline domain found in this study, but crystal lattice of such domain on ES face of the plasma membrane is smaller than that of IP3R observed in Purkinje neurons. At present, there is no direct evidence on constituent substance and function. However, since this domain is localized on the plasma membrane enclosing stack of disks, it may be possible to participate in the metabolic interaction between ROS and pigment epithelial process. 
